e current research is aiming to investigate the chlorides' penetration resistance of 9 different pumice lightweight aggregate mortars (LWAMs). e composition of the mixture is altered by the addition of metakaolin, fly ash, silica fume, and ground granulated blast furnace slag, substituting 10% and 20% of cement by mass. Workability and compressive strength of the mortars are studied together with durability parameters like water absorption due to capillary absorption and porosity. Moreover, the mortar resistance to chloride penetration is evaluated through non-steady-state chloride migration coefficient, complying to NT BUILD 492 standard. Summarizing all the laboratory test results, while the addition of metakaolin in the range of 20% led to better workability, higher compressive strength, lower sorptivity, and lower volume of open porosity, it did not improve the resistance against chlorides' penetration.
Introduction
Concrete is the world's most used construction material. Current estimates put global concrete production at around 10 km 3 per year, and this number continues to increase due to massive urban and national infrastructure development all over the world [1] . Because of the sheer volume of concrete used and the associated resources and energy required to produce it, the wise use of this material can significantly contribute in achieving rational development. Many aspects of sustainability are inherent in concrete industry, such as durability/longevity, economy, local impact, and thermal advantages. erefore, in order for engineers to find out answers to the question "What defines a successful building for sustainable development?", a thorough looking at the entire life cycle of a concrete structure should focus on areas where changes will make the most impact [2] .
e application of lightweight aggregates in concrete technology meets 3 of the 4 above-mentioned aspects of concrete structures' sustainability. eir use has lower local environmental impact since lightweight aggregates are often made from industrial by-products (i.e., fly ash aggregates). On the other hand, natural resources, such as pumice, perlite, or scoria, could also be used instead of the conventional limestone aggregates, increasing the economical impact that the exploitation of additional natural resources offers [3] [4] [5] [6] [7] . Finally, lightweight aggregates provide lower coefficient of thermal expansion and superior heat and sound insulation characteristics in the lightweight aggregate concrete (LWAC), due to their inner air voids [8] [9] [10] [11] .
Since it is well known that there are practical and technical benefits of using lightweight aggregate concrete, it has been successfully investigated for structural purposes, for many years [12] . Lightweight concrete weights typically 25% to 35% less than normal-weight concrete, but its strength is comparable to normal-weight concrete.
us, higher strength-to-weight ratio, better tensile strain capacity, and lower density, which reduce dead loads in construction, are the main benefits from its use of LWAC [13] [14] [15] [16] .
Pumice is the most widely used natural lightweight aggregate [17] . It is a natural material of volcanic origin produced by the release of gases during the solidification of lava [18] . Because of its physical, chemical, and mechanical properties, pumice is a well-known lightweight concrete aggregate for over 2000 years [19, 20] . e connectivity of its pore structure may range from completely closed to completely opened. Pores ranging from hundreds of microns to a few microns are visible. e pores appear irregular in shape and well connected [17] .
Durability is certainly considered, the fourth aspect of concrete sustainability. It has been thoroughly studied by many researchers [21] [22] [23] where among other durability parameters, chloride penetration resistance is assessed as one of the most important ones [24] [25] [26] [27] . ere are many test methods that evaluate the resistance of concrete to chloride ion penetration; each one of them has advantages and disadvantages. e rapid chloride permeability test (RCPT) is increasingly being used because of its simplicity. However, several researchers have raised concerns over this test. e RCPT is an index test in which no steady state conditions exist.
e RCPT is a useful comparative indicator in assessing the relative resistance of different concrete mixtures to chloride ion penetration [28, 29] . e RCPT measures the conductivity of all ions in the pore solution, which includes OH
, and Ca 2+ , whose concentrations vary for different concretes, due to the cement type or the usage of different supplementary cementing materials (SCMs) [30, 31] .
e replacement of Portland cement with SCMs, such as silica fume or fly ash, can reduce the electrical conductivity of concrete by more than 90% due to the change in the chemical composition of the pore solution, which has little to do with the transport of chloride ions in concrete [28, 31] , arguing that RCPTdoes not directly measure the true permeability but instead measures concrete resistivity. Shi et al. [31] However, little research has been done on the durability of LWAC with mineral admixtures, not to mention the combination of several types of mineral admixtures [12, 32, 33] . Hence, in this study, the effect of the addition of SCMs such as metakaolin, fly ash, granulated blast furnace slag, and silica fume on the durability of lightweight aggregate mortars is examined. Chloride penetration resistance, together with other durability parameters, such as open porosity and sorptivity, is studied.
Materials and Mixtures
Nine different mixtures of lightweight mortars were produced. ey contain pumice as a lightweight fine aggregate (sand) of 0-2 mm grain size and four SCMs, metakaolin (MK), fly ash (FA), granulated blast furnace slag (GS), and silica fume (SF), in two cement replacing levels (10 and 20% w/w). A typical Portland composite ASTM C-150 type I/II cement (c) was also used. e chemical composition of all constituent materials, used in this study, is summarized in Table 1 . e mineralogical composition of pumice and SCM is presented in Figures 1 and 2 , respectively. Pumice is mainly an amorphous mineral, which also contains potassium feldspar (sanidine) and quartz. Metakaolin, produced from commercial (by Imerys Minerals) kaolin (K), is also mainly amorphous and contains detectable amounts of illite and quartz ( Figure 2 ). e fly ash used which comes from the power station of Megalopolis (Greece) can be classified as Type F according to ASTM C 618, since the sum of the oxides SiO 2 + Al 2 O 3 + Fe 2 O 3 is greater than 70%. FA contains quartz, feldspars, anhydrite, maghemite, gehlenite, cristobalite, zeolites, and carbonates. e granulated blast furnace slag is of Italian origin, mainly an amorphous mineral, which also contains calcite. Silica fume is a commercial product (Sika Fume HR), and it is totally amorphous. Finally, the characteristic grain size values of the used SCM are summarized in Table 2 , while the specific surface of cement particles is 0.40 m 2 /g. e mixing proportions of all mortar mixtures are summarized in Table 3 . SCMs were added in the mixtures replacing cement at two different levels, 10% and 20% by mass. e water-to-binder ratio (w/b) was kept constant at 0.55, and superplasticizer (Sika Viscocrete) was used, in order to control the workability of the lightweight mortars. Cubic specimens of 50 mm side and cylindrical specimens of 100 mm diameter and 200 mm height were casted. After 1 day of moist curing, the specimens were water cured at 23 ± 1°C for 28 days.
Test Methods
e mini-slump test on the 9 types of pumice LWAM mixtures was conducted in order to evaluate the rheological properties [34] . Compressive strength tests (uniaxial compression) were performed on cubic specimens, after 2, 7, 14, 28, and 90 days of water curing. For each age, three specimens were tested, and the mean value of these measurements is reported.
e durability of the LCW mixtures was evaluated on the basis of water absorption (open porosity and capillary absorption) and chloride ion penetration resistance, on specimens cured for 28 days. e open porosity (p, %) was [35] where the specimens are weighted, fully immersed in water, in a saturated surface dry condition, and ovendried (at 105°C until constant mass). A precise procedure for the measurement of sorptivity (S) has been followed as it is described by [36] . e sorptivity test was applied to a mortar cylinder of 100 mm diameter and 50 mm height. e weight changed due to the water uptake (capillary absorption). After mass stabilization, the specimens were sealed by a waterproof tape on their lateral surfaces only, in order to ensure uniaxial water absorption. e specimen was rested on rods to allow free access of water to the surface, and the tap water level was kept no more than 3 mm above the base of the specimen. e specimens from each mixture were tested at the age of 28 days [37] .
e chloride penetration was estimated by calculating the chloride penetration coefficient, D nssm (×10 −12 m 2 /s), using a well-established non-steady-state penetration experiment [38] . A 50 mm thick segment, extracted from the middle zone of a cylindrical specimen, was maintained for 24 h under a potential difference, between a cathode solution of 10% sodium chloride (NaCl) by mass and an anode solution of sodium hydroxide (NaOH), 0.3 N. It should be noted that the specimens were not dried and preconditioned in a vacuum container, as suggested by the test method, due to equipment limitations. However, given that all specimens of the present study have received the same pretreatment, that is, full saturation until the age of testing, the relative effect of chloride penetration is expected to be comparable.
At this point, it is worth mentioning that the aim of the vacuum saturation with a carbon hydroxide solution, Ca(OH) 2 , is to achieve an even ion distribution within the pore solution and thus to ensure a uniform chloride penetration throughout the specimen. However, many researchers [39, 40] have questioned the effectiveness of this preconditioning method, mainly due to the effect of the predrying process on the porosity. Further targeted research, investigating the effect of different preconditioning methods on the resulting chloride penetrability, would be valuable [25] .
After the test completion, the determination of the chloride penetration depth was performed by a colorimetric method [40] [41] [42] . Specifically, the tested specimen was axially split into two pieces, and one of the two fractured surfaces was sprayed with a 0.1 M silver nitrate (AgNO 3 ) solution.
e average depth of chloride penetration was determined from the colour change in the area where the presence of chlorides chemically leads to the formation of silver chloride (AgCl). e coefficient D nssm was further calculated in accordance with NordTest Build 492 method [38] . Table 4 presents the experimental results for the mini-slump and compressive strength tests, and Table 5 presents open porosity (p), sorptivity (S), and chloride penetration coefficient (D nssm ) values. As far as the workability of the mortars is concerned, it can be observed that the addition of SCM naturally affects the slump of the mortars, since after the addition of SCM, additional amount of pce is necessary in order to retain the initial slump of the OPC mortar. However, the consumption of pce is relatively low in the case of 10% SCM addition, with the only exception of the SF mixture, while for 20% cement replacing level, more than double of the pce amount is consumed for every SCM mixture. In any case, the workability of the mortars is effectively corrected using the suitable amount of pce (Table 3) . FA10  FA20  GS10  GS20  SF10  SF20  Cement  1799  1619  1439  1619  1439  1619  1439  1619  1439  Pumice sand  3334  3334  3334  3334  3334  3334  3334  3334  3334  Metakaolin  -180  360  ------Fly ash  ---180  360  ----Slag  -----180  360  --Silica fume  -------180 
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Compressive strength values of the mortar mixtures at 2, 7, 14, 28, and 90 days are illustrated in Figure 3 . From the test results obtained in this research, it can be easily noticed that MK 20 exhibits the maximum values. As far as the SF is concerned, even though at the age of 2 days, the SF 20 had the lowest strength, and at 90 days, it had the second best strength, after MK 20. At the age of 7 days, the strength recorded for MK 10 and SF 20 was similar, but it can be observed that the strength gain over the time of SF 20 is greater than that of MK 10 (57%, to 45% resp., at 28 days). Comparing to other admixtures, the two specimens with di erent percent of metakaolin had a constant increase. e value of MK 10 comparing to MK 20 is lower but still top third in the experimental results after 28 days. After 90 days, the strength of the mortars containing 10% mineral admixtures like FA, GS, and SF has registered similar values.
e mortars having the same mineral admixtures in the percentage of 20% have registered a progressive increase from the age of 28 days to the age of 90 days, recording similar values.
As it is well known, the pozzolanic materials form additional calcium silicate hydrate (C-S-H) upon the reaction of reactive silica of pozzolan and calcium hydroxide (CH) produced by the cement hydration. is provides additional strength, particularly at later ages. Since su cient amount of CH is not available at early ages of hydration of cement, the early strength of pozzolanic mortars can be lower than that of control mortars [43] . is happens with mixture SF 20, which had the lowest early strength.
In regard to the open porosity, p (%), values are shown in Figure 4 . Most of the mineral admixtures that were used did not have a signi cant in uence on the volume of the open pores of mortar. As long as lightweight aggregates were used, it was expected that mortars will present a high volume of open porosity. us, it is easy for the water to penetrate into the porous lightweight aggregate [44] .
e mortar with metakaolin replacement registered the lowest volume of open porosity, and it was also observed that, by increasing the amount of metakaolin, the volume of pores was decreasing.
e results of the sorptivity test, S (mm/min 0.5 ), are given in Table 5 . e correlation coe cient (R 2 ) values were found to be near to 1 for all specimens, which satis es the high degree of linearity that the standard prescribes. e sorptivity values of metakaolin mortar are lower at 10% cement replacement by metakaolin. Mortars containing silica fume registered approximately the same S values, which shows that the increasing percent of the silica fume content does not a ect the sorptivity values. e mortars containing y ash or ground granulated blast furnace slag registered a lower sorptivity, as the percent of mineral admixture replacement was raised ( Figure 5 ). Elsharief et al. [44] reported that the lightweight aggregate particles themselves contain very large pores as compared with cement paste, but these pores are not continuous and they are sealed o by the dense, surrounding the aggregate, cement paste. Advances in Civil Engineeringe resistance to chloride ion penetration is an important aspect that needs a better de nition in structural materials. It is generally accepted that mineral admixtures signi cantly improve it through chloride-binding and porelling e ects [45] . As it can be seen from Table 5 , the resistance to chlorides is extremely high and very high in some cases. By adding metakaolin, the results show that protection against chlorides penetration was inferior compared to the addition of the other mineral admixtures. Higher percentage of mineral admixtures ensures a better resistance to chlorides ( Figure 6 ). In this test, the best protection is given by a 20% cement replacement by silica fume. e pore-lling e ect is expected to be the factor that helps in the case of silica fume [45] . However, it must be also noticed that, at high replacement levels of cement by silica fume, the electrical conductivity of the cement paste's pore solution is signi cantly reduced, since the concentration of Na + , K + , and OH − of the pore solution is decreased at an order of magnitude, respectively [31] .
Conclusions
Durability tests were performed on lightweight pumice mortars using metakaolin, y ash, ground granulated blast furnace slag, and silica fume as admixtures. e conclusions of the investigation are summarized below: Data Availability e raw data of all the conducted tests used to support the ndings of this study are available from the corresponding author, upon request.
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